Short daily periods of binocular vision, if concordant and continuous, have been shown to outweigh or protect against much longer daily periods of monocular deprivation to allow the development of normal visual acuity in both eyes of kittens. The greater weight placed on binocular visual input could arise because of an inherent bias for binocular input within the visual pathway at all times during development (Binocular model), or else from a more passive process that follows from its match to a highly binocular template at the time mixed daily visual input began (Template model). To distinguish between the predictions of these two models, kittens were monocularly deprived from normal eye-opening until either 4, 5, or 6 weeks of age at which time they received mixed daily visual input for 4 weeks. According to the Template model, the preferred input for these animals would be monocular exposure (ME) because of its match to the monocular template produced by a period of preceding monocular deprivation. However, instead of short daily period of ME offsetting much longer periods of binocular exposure (BE) to perpetuate the dire effects of the prior deprivation, short daily periods of BE promoted significant recovery of vision in the deprived eye. The fit to the Binocular model implies the existence of a robust substrate for binocular vision that is highly resistant to disruption and which could form the substrate for binocular approaches to treatment of amblyopia.
Introduction
Recent experiments conducted on both cats (Mitchell, Kind, Sengpiel, & Murphy, 2003; Mitchell, Kind, Sengpiel, & Murphy, 2006) and monkeys (Sakai et al., 2006; Wensveen et al., 2006) provide new insight into the role of early visual experience in the development of vision and of the central visual pathways. As an alternative to one traditional approach that examines the consequences for development of rearing animals with exclusively abnormal visual input, new experiments have pitted daily periods of normal and abnormal vision against each other in order to determine if all visual input is equally effective (Mitchell et al., 2003) . In these experiments, daily visual exposure early in life consisted of adjacent periods of normal and abnormal exposure in differing proportions. For the latter exposure, animals had one eye occluded by a mask so that they received only monocular input. Such exposure, when exclusive and extended, can virtually eliminate form vision in the deprived eye of both cats (Giffin & Mitchell, 1978; Mitchell, 1988) and monkeys (Harwerth, Crawford, Smith, & Boltz, 1981; Von Noorden, 1973; Von Noorden, Dowling, & Ferguson, 1970) , and can cause a marked shift in cortical ocular dominance (Hubel, Wiesel, & LeVay, 1977; Hata et al., 2000; Schmidt, Stephan, Singer, & Lowel, 2002) . Results from this work clearly showed that not all visual input was treated equally, and that short daily periods of normal concordant binocular exposure (BE) effectively offset much longer adjacent periods of abnormal monocular exposure (ME) to allow the normal development of spatial vision in both eyes. Not only did the daily period of binocular vision prevent the development of deprivation amblyopia in the (deprived) eye, but it also allowed the development of normal (i.e. similarly sized) cortical ocular dominance domains for the two eyes (Schwarzkopf, Vorobyov, Mitchell, & Sengpiel, 2007) .
On the basis of experiments on kittens (Mitchell et al., 2006; Mitchell, Sengpiel, Hamilton, Schwarzkopf, & Kennie, 2011) that manipulated the duration of daily visual exposure, the critical daily binocular exposure required to prevent the development of deprivation amblyopia was shown to be best expressed by the proportion of the total daily visual exposure that was binocular, as opposed to an absolute amount of such exposure. The critical proportion, approximately 30%, was very close to the value computed from experiments conducted on monkeys , which indicates a noteworthy convergence across species.
The greater influence of daily binocular vision over comparatively longer monocular visual input is at odds with models that postulate a strong instructive role for visual experience in visual development. According to such a role, both daily exposures would be expected to inform development so that all non-trivial periods of ME would be expected to have a negative impact on the vision of the deprived eye. But no impact on spatial vision occurs when the ME is accompanied by a period of BE that accounts for at least 30% of the total visual exposure Mitchell et al., 2006) . It is possible that binocular exposure is privileged because it is more closely matched than ME to the pre-existing neural template at the time that mixed daily visual exposure began. The visual cortex of kittens is known to be highly binocular at 4 weeks (Crair, Gillespie, & Stryker, 1998; Hubel & Wiesel, 1963; Olson & Freeman, 1980) so the enhanced weighting of binocular exposure could follow from a higher level of neural excitation during binocular exposure that could thereby override the influence on activity-dependent mechanisms of neural development during a period of ME on the same day. Although the preferential weighting of binocular visual input may arise for other as yet unknown reasons, the idea that it follows as a passive consequence of a pre-existing neural architecture is testable because it is possible, through early selected visual deprivation, to begin the experiment on animals with an abnormal neural template.
This paper describes the result of application of mixed daily visual exposure in kittens with an abnormal neural template produced by a prior period of monocular deprivation beginning at around the time of normal eye-opening and extending to the time at which daily mixed visual input was initiated. A rich body of prior experimentation indicates that when daily mixed visual experience began after a period of monocular deprivation, the cortical neural substrate would have been highly monocular with ocular dominance skewed strongly toward the non-deprived eye (e.g. Mitchell & Timney, 1984; Movshon & Kiorpes, 1990) . If the eventual outcome of mixed exposure followed passively from the functional anatomy of the cortical template, the predicted preferred input would be monocular due to its congruence with the strongly monocular neural template. Short daily periods of ME that duplicate the prior early deprivation would therefore be expected to offset much longer periods of binocular exposure to perpetuate apparent form blindness of the deprived eye. We demonstrate in this study that the results were inconsistent with this prediction as this outcome was observed only with long daily periods of ME and furthermore, that substantial improvement of the vision of the deprived eye occurred with just short daily periods of BE. Thus, just like normally reared kittens, binocular visual experience was weighted more than monocular experience despite the fact that the latter matched the animal's prior visual input and was congruent with the neural template.
Materials and methods

Experimental design and predictions
The experimental design builds upon the finding reproduced in Fig. 1 that displays the effects of different regimens of mixed daily visual exposure imposed for 4 weeks on kittens beginning at 4 weeks of age. This particular data set (Mitchell et al., in preparation) was obtained from kittens that received just 3.5 h visual experience each day divided between intervals of BE and ME of varying amounts. For the remaining 20.5 each day the animals were housed in complete darkness with their mother. The visual history of the animals is illustrated in schematic form at the top of Fig. 1 . The graph shows the grating acuity of the eye that was occluded each day during the period of ME, as a function of the length of the daily period of BE. The acuity of the deprived eye has been plotted relative to the acuity of the other eye as measured the day before on the last day of mixed daily visual experience.
Remarkably, 1 h of BE was sufficient to outweigh or protect against 2.5 h of ME each day to permit the development of equal and normal grating acuity in the two eyes.
For animals that received normal visual input prior to the 4 week period of daily mixed visual input, it is not possible to distinguish between explanations for the result in terms of the amount of daily visual input that was binocular (Binocular model) versus the amount of daily exposure matched to the pre-existing cortical template (Template model), as both scenarios predict the same outcome ( Fig. 2A) . However, for animals that were monocularly deprived prior to the initiation of mixed daily visual exposure (see Fig. 2B ), the two predictions are very different because the length of the daily cortical template match and the amount of binocular exposure move in opposite directions to each other. According to the Template model and the results of Fig. 1 , daily periods of ME that perpetuate the exposure during the prior period of MD (depicted by the eye icons) of 1 h or more might be expected to maintain apparent form blindness of the deprived eye as indicated by the dashed curve. Only when the daily periods of ME were short (<1 h) and the daily BE correspondingly long, would the deprived eye be expected to show any visual recovery. Projected data for the 3.5 h BE (zero ME) condition were derived from previously obtained results (Giffin & Mitchell, 1978; Mitchell, 1988) on the recovery of vision of the deprived eye that occurs in monocularly deprived kittens that experience exclusive BE during recovery. On the other hand, the Binocular model (continuous curve) would predict that the deprived eye acuity would be better than the expectation of the Template model as even short daily periods of BE would be expected to promote some recovery of the vision of Fig. 1 . Grating acuity of the deprived eye of 16 kittens that received 4 weeks of mixed daily visual experience starting at 4 weeks of age as a function of the amount of daily binocular visual exposure. The deprived eye acuity was measured on the day following the last episode of mixed daily exposure and has been plotted relative to that of the fellow eye measured on the previous day. The number of data points appears limited many animals had identical acuities (see Table 1 ). The daily visual history is illustrated schematically above the graph; the period of darkness is shown in black and the episodes of binocular and monocular exposure are depicted respectively, by the white and hatched (gray in my version) sectors. For simplicity the period of binocular exposure has been shown to occur first but for some animals it occurred after monocular exposure. The curve fitted to the data is the logistic function.
where Y is the normalized acuity of the deprived eye and X is the number of hours of daily BE. the deprived eye. The curve based on the Binocular model that is drawn in Fig. 2B represents the most extreme prediction of this model, which presumes that BE is equally effective for monocularly deprived as for normal animals. Like the curves displayed in Figs. 1 and 2A, the extreme prediction would be that recovery would asymptote with only 1 h BE each day.
Animals
Experiments were conducted on 10 kittens from 4 litters that were born and reared in a closed laboratory colony and followed animal protocols approved by the Dalhousie University Committee on Laboratory Animals in accordance with the regulations established by the Canadian Council on Animal Care. The kittens were monocularly deprived by eyelid suture at around the time of natural eye opening when they were between 8 and 10 days old. The surgical procedures employed for eyelid suture and optimized for subsequent re-opening were slightly refined versions of those described in detail more than two decades ago (Mitchell, 1988; Murphy & Mitchell, 1987) and were performed with gaseous isoflurane (1-3%) anesthesia. Subcutaneous injections of an analgesic (Anafen) and application of a broad spectrum topical antibiotic (Chloromycetin 1%) preceded the surgical procedures. Eight of the kittens (from 2 litters) were monocularly deprived to 4 weeks of age, while the other two were deprived longer, to either 5 or 6 weeks. After the eyelids were re-opened at the end of the period of monocular deprivation, and following a suitable period of recovery from the surgery (approximately 20-30 min), animals were placed with their mother in a large custom-built cage within a darkroom facility that excluded all light (Beaver, Mitchell, & Robertson, 1993) .
For the next 4 weeks the animals were removed with their mother to an illuminated colony room for 3.5 h each day. During the daily period of visual exposure (VE), concordant binocular exposure was pitted against monocular exposure in varying proportions. For the latter exposure, kittens wore an opaque black neoprene foam mask similar to that described earlier ) that covered one eye. As previous studies with mixed visual input had revealed no effect of the order in which the visual inputs were imposed (Mitchell et al., 2003; Mitchell et al., 2006) , the period of BE, when the mask was not worn, preceded the period of ME for all animals. Animals were monitored closely during the daily period of VE and particularly when the mask was worn to ensure that the mask was in place and the kittens were awake. Times when the mask was dislodged, though infrequent, were noted and were compensated for on subsequent days by appropriate increase in the length of ME.
Measurement of visual acuity
A jumping stand and procedures that have been described in detail before (Mitchell, Giffin, & Timney, 1977; Murphy & Mitchell, 1987) were used to measure the grating acuity. Training was begun on the jumping stand once the animals were about 5 weeks old. For all but the animal that was monocularly deprived to 6 weeks, this training began after they had been placed in the darkroom during the daily period of BE and was made binocularly. Measurements of acuity were made binocularly on the last few days the animals were in the darkroom in order to establish the acuity of the nondeprived eye on the last day of mixed daily visual exposure. Previous direct monocular measurements of the acuity of the non-deprived eye (Mitchell et al., 2006) revealed that it was identical to the acuity measured binocularly as the latter always reflected the acuity of the better of the two eyes.
Measurement of the acuity of the deprived eye were made (with an opaque contact lens occluder placed in the non-deprived eye) on the day following the last day of mixed daily visual experience as soon as the animal was removed from the darkroom. The acuity of this eye as well as that of the non-deprived eye as assessed from measurement of the binocular acuity are shown for all the animals in Table 1 together with the details of their rearing history.
Histology
Histological analysis was conducted on four of the animals, of which 3 (C043, C044 and C045) had been monocularly deprived to 4 weeks while the fourth (C122) so deprived to 6 weeks. The animals were killed either immediately after the vision of the deprived eye had been measured at the end of the 4-week period of mixed daily visual input (C043, C044, C045) or else 3 weeks after this measurement was made (C122). Animals were given a lethal dose of Euthanyl (dose: 150 mg/kg) and were then transcardially perfused with fixative (4% formalin) following procedures previ- The prediction of the two models for the acuity of the deprived eye for normal animals that received binocular visual input until the start of mixed daily visual exposure at 4 weeks. Both models predict that binocular exposure will lead to visual recovery even if followed by a longer duration of monocular exposure. The curves shown are freehand versions of the curve fitted to the data of Fig. 1. (B) Extreme predictions of the two models for kittens that were monocularly deprived from near birth until the start of mixed daily visual experience. An extreme version of the Binocular model would predict that the vision of the deprived eye would asymptote to a maximum value with 1 h of daily BE. Likewise, the extreme version of the Template model would predict that the deprived eye would remain blind so long as it received at least 1 h ME each day.
ously described (Duffy & Slusar, 2009 ). Sections of the right and left dorsal lateral geniculate nucleus (dLGN) were cut 50 lm thick on a freezing microtome, and adjacent sections were processed to reveal Nissl substance and neurofilament protein, both markers known to be disrupted by monocular deprivation (Kutcher & Duffy, 2007) .
Neuron somata were made visible by staining for Nissl substance with Cresyl Violet dye. The Cresyl Violet staining product permitted ready distinction of neurons from glial cells, with the former being larger and having a clear staining pattern: dark cytoplasm, light nucleus, and dark nucleolus. Labeling for neurofilament was achieved by use of a monoclonal antibody against the heavy protein subunit of the neurofilament triplet (SMI-32; Covance, Princeton, NJ) following labeling procedures that have been described previously (Duffy, Murphy, Frosch, & Livingstone, 2007) .
The size of Nissl-stained neuron somata was measured from 50% of the area of each A laminae of the LGN in sections taken from Sanderson's coronal plane 6-7 (Sanderson, 1971) . Neuron sampling was performed randomly with a computer-assisted stereology program (newCAST; VisioPharm, Denmark), and the area of neuron somata was measured with the nucleator stereology probe. Only neurons with a stained nucleolus were included in our sample to ensure our sample contained only measurements from neurons that were cut through the approximate somal midline. The effect of visual deprivation on the size of somata in the dLGN was assessed with a metric that compared the means of deprived and non-deprived neuronal sizes (1).
(1) Deprivation Metric:
The effect of visual deprivation on neurofilament labeling was examined by comparing the density of neurofilament-positive neurons between deprived and non-deprived LGN laminae. Immunoreactive neurons cut through the approximate somal midline were counted with the optical dissector probe of the NewCAST stereology system. Densities of neurofilament-labeled neurons from deprived and non-deprived laminae were compared by use of the Deprivation Metric described above (1).
Results
Results of visual performance are displayed in Fig. 3 in the form of histograms that show the acuities of the deprived and non-deprived eyes arranged according to the length of the initial period of monocular deprivation (MD) and the daily hours of binocular exposure (BE). Fig. 3A displays data for the eight animals that had been monocularly deprived to 4 weeks. It is readily apparent that all but one animal, C043, were able to see with their deprived eye and that moreover, even animals that received only 30 min BE each day possessed measurable visual acuity with this eye. The only animal that was blind in the deprived eye was C043, the one kitten that received no BE each day (apart from a few incidents where the mask was dislodged). There was an obvious trend for the vision of the deprived eye to improve with increasing length of daily BE, a trend that is made evident by the graph displayed in Fig. 3B in which the mean acuity of the deprived eye has been plotted as a function of the amount of BE. This trend was evident despite some variability of the results among animals with similar rearing histories, such as among the three animals that received 1 h BE each day. A possible contributing factor to the variability was the development of a very evident esotropia in one animal (C044).
The effectiveness of short daily periods of BE was just as evident for the two animals that had been monocularly deprived to 5 or 6 weeks of age prior to the period of mixed daily visual exposure (Fig. 3C) . Despite the longer periods of initial monocular deprivation, 1 h of binocular vision each day for both animals was sufficient to bring about recovery in the deprived eye, though the acuity was less than that achieved by animals reared with a shorter period of antecedent monocular deprivation. That short periods of daily BE promoted visual recovery in the deprived eye of all animals despite differences in the duration of their initial monocular deprivation is in conflict with the predictions of the Template model (depicted in Fig. 1 ). This impression is reinforced by examination of Fig. 4 in which the data have been replotted with respect to the predictions of the Template and Binocular models.
Examination of the dLGN from a group of animals in this study revealed support for the conclusion that the neural template was strongly monocular upon the start of the period of mixed visual experience. Monocular deprivation from eye opening to 4 weeks of age and continued for 2.5 h per day for the next 4 weeks produced a substantial reduction in neurofilament labeling within deprived layers of the dLGN when compared to non-deprived layers ( Fig. 5A; C043) . Examination of the dLGN from the animals subjected to mixed visual exposure following monocular deprivation also showed reduced labeling, as is exemplified by images from C045 (Fig. 5B) . The continued anatomical signature of monocular deprivation after 4 weeks of mixed visual input provided verification that the visual system was indeed rendered strongly monocular at the time mixed visual exposure began. Quantification of changes in neurofilament-positive cell density and neuron somal size (C) revealed deprivation-induced perturbations in all the ani- Table 1 The visual history of 10 cats prior to and during the 4 week period of daily mixed visual input initiated at either 4, 5 or 6 weeks of age. The mean hours and standard deviation (SD) of daily monocular (ME), binocular (BE) and total exposure are shown together with the visual acuities of respectively, the deprived and non-deprived eye of each animal. The latter acuity was measured on the last day of mixed visual exposure while the deprived eye acuity was measured on the day following, immediately after the kittens were removed from the darkroom. mals examined histologically. That the magnitude of the anatomical effects appeared weaker in the animals that received 1 h BE during the period of mixed daily visual exposure indicated that the physical characteristics of the neural template at the level of the dLGN also responded to small daily amounts of binocular vision.
Discussion
As confirmed by our anatomical data (Fig. 5) , the 4-6 week period of monocular deprivation produced substantial anatomical effects on the dLGN not just in terms of interlaminar differences in neuorn cross-sectional area but also in neurofilament labeling. In agreement with earlier findings from animals monocularly deprived and which subsequently received unlimited binocular exposure (Giffin & Mitchell, 1978) , substantial anatomical effects persist in the dLGN. The magnitude of the anatomical effects of the early period of MD that remained in the dLGN following a month of mixed daily visual input provides strong support for the basic assumption of a monocularly shifted cortical template at the time that mixed daily visual input was imposed. If a critical determinant of visual recovery is the state of the cortical template at the time such recovery first begins, matched biased monocular exposure should be preferred over binocular input. However, our results demonstrate the exact opposite: instead of small daily episodes of monocular exposure prevailing over longer binocular exposures to maintain blindness of the deprived eye, periods of the latter as short as 30 min promoted significant recovery of the vision of this eye. Indeed, the limited data suggests that the effectiveness of daily periods of BE was even close to the predictions of an extreme form of the Binocular model (Fig. 4) . Indications of a monotonic increase The acuities of the deprived eye of these animals plotted as a function of the length of the daily period of BE. Open symbols depict the data for individual animals with the same BE while filled symbols show the mean. (C) Data for the two animals that were monocularly deprived to either 5 (C059) or 6 (C122) weeks of age prior to the 4 weeks of mixed daily visual exposure. Both animals received just 1 h BE each day.
in the acuity of the deprived eye with binocular exposure beyond 1 h each day reveals that such exposure is not as effective as it is with normal animals where 1 h BE each day is sufficient to produce normal vision in the deprived eye (Fig. 1) .
That binocular input remained so effective suggests that highly functional binocular connections remain deeply imbedded within the visual pathways of monocularly deprived animals. Functional binocular connections have been previously revealed in the visual cortex of monocularly deprived cats (Freeman & Ohzawa, 1988) and strabismic monkeys (Chino, Smithh, Yoshida, Cheng, & Hamamoto, 1994; Zhang et al., 2005) on the basis of electrophysiological investigations of the sensitivity to interocular differences in the phase of binocularly presented drifting gratings. Our results indicate that even a period of monocular deprivation extending well into the critical period is not sufficient to block the restorative capacity of binocular vision. The presence of similar functional binocular connections in human amblyopes may underlie the success observed in recent preliminary accounts of new methods that employ active binocular stimulation as the gateway to treatment of amblyopia and hopefully the eventual restoration of stereoscopic vision (Hess, Mansouri, & Thompson, 2010; Waddingham et al., 2006) .
The potential role of the daily period spent in darkness
To this point, the outcome of the 4 weeks of mixed daily visual exposure has been discussed in relation to the relative influence of the two periods of visual exposure received each day without consideration of a potential influence from the much longer daily period of dark-rearing. The latter period was incorporated as part of the rearing protocol for the original experiments to permit control and monitoring of the two periods of daily visual exposure (Mitchell et al., 2003; Mitchell et al., 2006) . For those experiments the daily total visual exposure was quite long (7 h) and arguably not that different from what a normal kitten would receive. However, for the animals of the present study the visual exposure was reduced in half so that the daily period of darkness lasted more than 20 h, a combination that raises several issues. The first issue to be considered is whether the brief daily visual exposure was sufficiently long to permit normal functional development of vision and/or the visual pathways. It is well established that the functional development of the visual cortex is substantially impaired in the absence of any visual stimulation (e.g. Blakemore & Van Sluyters, 1975; Bonds, 1979; Crair et al., 1998; Frégnac & Imbert, 1978; Pettigrew, 1974; White & Fitzpatrick, 2007) and moreover, that the cortex of kittens reared normally until 4 weeks deteriorates after 3-6 days in darkness (Freeman, Mallach, & Hartley, 1981) . However, it is clear that the 3.5 h of daily visual exposure experienced by our kittens was sufficient to allow normal development of vision since all the animals attained normal visual acuities in their non-deprived eye. Moreover, in the earlier study (Mitchell et al., 2006) it was shown that a control animal (C897) attained normal visual acuity even though it received only 30 min (binocular) visual experience each day for 4 weeks. Thus it appears that a short length of daily visual exposure, particularly normal exposure, in and of itself may not be of concern.
However, there is reason to consider the possible contribution of the long daily period of darkness when part or all of the daily visual input is abnormal. The basis for this concern follows from past demonstrations of a reduction of the effects of a period of abnormal visual input (i.e. monocular deprivation) when it is followed by a period of dark-rearing (e.g. Freeman & Olson, 1979 , 1982 Yinon and Goshen, 1984) . Both the length of prior monocular deprivation (MD) and the subsequent period of darkness varied widely across these studies. Of particular relevance to the rearing procedure of our study is the observation of Olson (1979, 1982) of a substantial reduction of the effects of 24 h of MD after 48 h of darkness. The suggested explanation for this result was in terms of a two-stage process in which binocularity is lost first, possibly as a result of changes in intracortical inhibition, followed with increasing length of deprivation by a shift in overall ocular dominance from the deprived to the non-deprived eye (Freeman & Olson, 1982) . They suggest that the events underlying the first stage may be reversed if synchronous neural activity from the two eyes is restored early, but the events behind the second may be more resistant to reversal. The recovery from the short period of MD observed after 2 days in darkness could be attributed to events initiated as a result of the balanced but low levels of neural activity from the two eyes that occurs in darkness. In the situation where the daily visual input includes episodes of both normal (binocular) and abnormal (MD) input, it is possible that the balanced non-visually driven neural activity that occurs in the dark may either initiate events that effectively add to those induced by the daily period of binocular visual input, or else partly undo some of the consequences of the prior period of abnormal visual input. However, existing data suggests that both potential contributions from events that occur during the daily period in the dark may be small or non-existent. First, the potential additive benefits of balanced non-visually driven neural activity in the dark to events induced by daily binocular visual input flies in the face of the observations (Mitchell et al., 2006) that the effects of binocular input are not additive. And second, an electrophysiological study of the cumulative effects of 4 h of MD followed by 20 h of darkness each day for 19-38 days revealed an extreme shift of cortical ocular dominance with no evidence of any intersession recovery attributable to events in the dark (Olson & Freeman, 1980) . Because other animals allowed binocular vision between the daily periods of MD showed substantial recovery, they concluded that recovery from daily competitive inactivation of geniculocortical transmission is a vision-dependent process. In our study, where animals had been monocularly deprived before the period of mixed visual exposure began, it would be most unlikely for events initiated in the daily dark periods to contribute to the result as the deprived eye pathway would have been substantially inactivated prior to the onset of mixed daily visual input.
Implications for the treatment of amblyopia
The recovery of vision in the deprived eye of animals that received short daily episodes of binocular input suggests that neural connections with this eye are remarkably resilient as they remain in a form that can be reactivated by appropriate visual input even in the presence of continuing deprivation. Indeed, functional con- nections with the deprived eye have been revealed previously in an electrophysiological investigation of the visual cortex of monocularly deprived cats when cells were probed by use of binocular stimuli (Freeman & Ohzawa, 1988) . The strong restorative effects of brief periods of binocular vision revealed by our study, possibly build upon the retained functional connections with the deprived eye, has important implications for treatment of human amblyopia. However, because our study was designed around the predictions of two specific models for the effects of mixed daily visual input we did not explore whether short daily periods of monocular vision by the deprived eye (equivalent in length to the periods of BE employed in our experiments) might also be effective. While this possibility will be explored in a future study, past work including the faster initial recovery induced by binocular vision as opposed to monocular vision through the deprived eye (Mitchell, Gingras, & Kind, 2001 ) as well as the enhanced recovery achieved when daily episodes of binocular input are added to daily occlusion of the non-deprived eye suggests that this may not be the case. Additional evidence against this possibility can be gathered from electrophysiological experiments that explored the consequences of unequal alternating monocular occlusion imposed either on alternate days (Tieman, McCall, & Hirsch, 1983) or within the same day (Mower, 2005) . In either situation it required an extreme imbalance in the length of expo- Fig. 5 . Anatomical consequences of mixed daily visual experience following a period of monocular deprivation. Sections of the left and right dLGN labeled to reveal neurons containing the heavy protein subunit of neurofilament in an animal that was monocularly deprived each day but did not receive BE (C043); (A), and in an animal that received 1 h of BE (and 2.5 h ME) daily following a 4-week period of monocular deprivation (C045); (B) arrows delineate the boundary between layers A and A1, and asterisks indicate the deprived layer of the left and right dLGN. Note the reduction of neurofilament-immunoreactive neurons within deprived layers of both animals. (C) Measurements of neurofilament-positive cell density (left) and neuron soma area (right) in the dLGN A laminae, both plotted in terms of the Deprivation Metric, indicate marked anatomical perturbations irrespective of rearing condition. Neurofilament-positive cell density was comparatively lower in deprived layers, and deprived neuron somata were smaller than non-deprived neurons. Dashed line on each graph indicates the approximate results from normal animals (Duffy & Slusar, 2009; Kutcher & Duffy, 2007) , which show little difference between dLGN layers. Scale bar = 100 lm.
sure of the two eyes (at least 50:1 for same day alternation) to produce an ocular dominance shift in V1 in favor of the more exposed eye. On the basis of this result it would be unlikely that daily monocular vision through the deprived eye of a much shorter duration than daily monocular stimulation of the non-deprived eye would lead to any recovery of vision of the former eye.
Although binocular functions were not explored in our animals, the results of a previous study (Mitchell, Kennie, Schwarzkopf, & Sengpiel, 2009 ) of animals that had been normally reared until introduction of mixed daily visual input, suggest very strongly that none would have recovered stereoscopic vision. Even in the earlier study of animals that had received a regimen of mixed daily visual input that permitted them to develop normal visual acuities in both eyes, only one of three showed evidence of having acquired stereoscopic vision. On the other hand, the powerful influence of daily binocular input observed here and in our earlier studies as well as in preliminary clinical evidence (Waddingham et al., 2006) point to the potential for improvement of outcomes by active incorporation of binocular training as an integral part of early therapy for human amblyopia. ). Moreover, the observation (McKee, Levi, & Movshon, 2003) that the binocular status of amblyopes is both linked to the depth of amblyopia and predictive of treatment success, provides a second powerful motive for incorporation of binocular training at an early stage of treatment.
The last decade has seen the emergence of changes in amblyopia treatment in terms of the age at which therapy has been demonstrated to be successful. In addition to direct evidence that treatment can be introduced successfully in adulthood, particularly if accompanied by new approaches such as perceptual learning or action video games (Levi & Li, 2009a , 2009b , additional new approaches may follow from identification of ways to remove certain brakes on adult plasticity in the visual system (Bavelier, Levi, Li, Dan, & Hensch, 2010) . In fact two recent studies provide good indications of success from introduction of binocular training in adulthood. First, the remarkable acquisition of stereopsis by Sue Barry (''Stereo Sue'') in middle-age, documented first by Oliver Sacks (2006) and by Barry (2009) herself, points to the ability of binocular training to either establish, or more likely fine-tune, existing binocular connections that may have been retained despite longstanding alternating strabismus. In addition, remarkable success has been reported in a recent clinical study conducted on three adult strabismic amblyopes from a purely binocular approach to treatment (''antisuppression therapy'') unaccompanied by any patching of the fellow eye (Hess et al., 2010) .
